PURPOSE. RPE65 function is necessary in the retinal pigment epithelium (RPE) to generate chromophore for all opsins. Its absence results in vision loss and rapid cone degeneration. Recent Leber congenital amaurosis type 2 (LCA with RPE65 mutations) phase I clinical trials demonstrated restoration of vision on RPE65 gene transfer into RPE cells overlying cones. In the rd12 mouse, a naturally occurring model of RPE65-LCA early cone degeneration was observed; however, some peripheral M-cones remained. A prior study showed that AAV-mediated RPE65 expression can prevent early cone degeneration. The present study was conducted to test whether the remaining cones in older rd12 mice can be rescued. METHODS. Subretinal treatment with the scAAV5-smCBAhRPE65 vector was initiated at postnatal day (P)14 and P90. After 2 months, electroretinograms were recorded, and cone morphology was analyzed by using cone-specific peanut agglutinin and cone opsin-specific antibodies. RESULTS. Cone degeneration started centrally and spread ventrally, with cells losing cone-opsin staining before that for the PNA-lectin-positive cone sheath. Gene therapy starting at P14 resulted in almost wild-type M-and S-cone function and morphology. Delaying gene-replacement rescued the remaining M-cones, and most important, more M-cone opsin-positive cells were identified than were present at the onset of gene therapy, suggesting that opsin expression could be reinitiated in cells with cone sheaths. CONCLUSIONS. The results support and extend those of the previous study that gene therapy can stop early cone degeneration, and, more important, they provide proof that delayed treatment can restore the function and morphology of the remaining cones. These results have important implications for the ongoing LCA2 clinical trials. (Invest Ophthalmol Vis Sci. 2011;52:7-15)
L eber congenital amaurosis (LCA) is a group of hereditary retinal diseases causing early-onset blindness or severe visual impairment. [1] [2] [3] [4] [5] Clinical manifestations have been observed in LCA patients as early as 6 weeks after birth, resulting in severe vision loss or impairment by the age of 6 months or 1 year. 1, 2, 5, 6 Although the LCA family of diseases has similar clinical findings, it is classified into different clinical subtypes according to the differences in gene mutations. [1] [2] [3] 5, 6 To date, mutations in 14 genes have been identified in LCA patients. 2 One of the identified genes is RPE65, which is expressed specifically and abundantly in the retinal pigment epithelium (RPE). Mutations in RPE65 are associated with LCA type 2. 1, 2, 7 RPE65 is an isomerohydrolase in the classic visual cycle, which is the enzymatic pathway that regenerates the rod and cone chromophore 11-cis retinal after it is bleached during light absorption. 8 Similar to rhodopsin in rods, which is composed of the apoprotein opsin and the chromophore 11-cis retinal, cone pigment is composed of cone opsin and 11-cis retinal. 9, 10 Hence, loss of RPE65 function results in loss of all photoreceptor function. 9, 11, 12 Experimental therapeutic strategies for RPE65 mutations include pharmacologic intervention, 13, 14 cell transplantation, 15 and gene delivery, which are currently being tested in Rpe65 knockout (Rpe65 Ϫ/Ϫ ) mice, 16 Rpe65 transgenic mice engineered to carry specific mutations, 12 naturally occurring mice with an Rpe65 mutation (rd12), 17 and dogs with naturally occurring Rpe65 mutations. 18 Early experiments focused on restoration of rod function, since the remaining ERG in Rpe65 Ϫ/Ϫ mice was reported to be due to rod function only. 19 However, subsequent experiments revealed that cone function could be documented in young animals before the onset of cone degeneration. 10 In 2001, Acland et al. 18 showed for the first time that AAV-RPE65-mediated gene therapy can successfully restore visual function in the dog model.
Subsequently, we showed that early treatment starting at P14 restores both normal rod and cone functions in rd12 mice, 17 whereas late treatment starting at P90 (Pang JJ et al., unpublished results, 2006) or P35 20 restores rod but not cone function. Znoiko et al. 21 have shown that cone degeneration starts as early as 2 weeks of age in Rpe65 Ϫ/Ϫ mice, and our own study revealed that cone degeneration starts at approximately P14 in rd12 mice, resulting in the disappearance of most cones by week 5, except for a few located in the peripheral dorsal and temporal quadrants. 20 Hence, one explanation for the failed cone rescue is that we missed the therapeutic window for gene therapy starting after P35. 20 However, it is also plausible that our injections did not transfect the RPE underlying the remaining cones located in a small area of the peripheral retina. In previous P35 and P90 studies, it was determined that the retinal detachment after injections covered more than 50% of the retina, but it is unknown whether the remaining cones located in the dorsal and temporal quadrants of the retina had been transfected after the subretinal injections.
In the present study, we used a self-complementary (adenoassociated virus) AAV5 vector to obtain rapid and strong therapeutic gene expression. 22 In addition, we selected only those treated rd12 mice that exhibited more than 95% retinal detachment after subretinal injections for further evaluation. This strategy ensured transfection of the peripheral RPE and allowed us to test whether late treatment can restore the structure and function of the remaining peripheral cones. Results from this study will be important for the current ongoing LCA2 clinical trials that have been focused on restoring rod function in both children and young adults, although they also have various degrees of cone degeneration.
23-25

METHODS
Animals
C57BL/6J mice and the congenic inbred strain of rd12 (Rpe65rd12, or B6(A)-Rpe65rd12/J) mice were obtained from the Jackson Laboratory (Bar Harbor, ME). All mice were bred and maintained in the Animal Facilities of Wenzhou Medical College. The animals were maintained in a 12-hour light-12-hour dark cycle with an ambient light intensity of 18 lux and with free access to food and water. All experiments were approved by the Wenzhou Medical College's Institutional Review Board and were conducted in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
scAAV5-smCBA-hRPE65 Vector Preparation
Pseudotyped AAV5-capsid, self-complementary AAV vectors (scAAV) were used in this and our previous studies, as they have been shown to be more efficient vectors for transduction of RPE than standard, single stranded AAV vectors. 22 The scAAV5-smCBA-hRPE65 vector contains the small, hybrid CMV-chicken ␤-actin (smCBA) promoter which has been shown to have identical transduction and tropism characteristics to full chimeric CMV-chicken ␤-actin (CBA) promoter when targeted at the mouse retina. 26 The corresponding vector plasmid for scAAV5-smCBA-hRPE65 was constructed by replacing the humanized green fluorescent protein (GFP) cDNA of sc-trs-smCBA-hGFP, 27 with the human RPE65 cDNA via a NotI digest. This vector contains flanking AAV serotype 2, inverted terminal repeats (ITRs); one ITR has the modifications required for packaging as a self-complementary AAV vector. 27 Vectors were manufactured and purified by previously described methods. 28 The vector titer was determined by real-time PCR, and final aliquots were resuspended in balanced salt solution (Alcon Laboratories, Fort Worth, TX) containing 0.014% Tween 20.
Subretinal Injections
Subretinal injections were performed using previously described methods with modifications. 17, 22, 26 Briefly, an aperture within the pupil area was made through the nasal cornea with a 30.5-gauge disposable needle. A 33-gauge, unbeveled, blunt needle mounted on a 5-L syringe (Hamilton Co., Reno, NV) was introduced through the corneal opening, avoiding the lens and penetrating the neuroretina to reach the subretinal space. One microliter of vector suspension (1 ϫ 10 13 genome containing particles/mL) with 1% fluorescein was slowly, subretinally injected into the right eye of each rd12 mouse. Injections were always performed in the right eye, leaving the uninjected left eye as a control. The injected retinal area was visualized by fluoresceinpositive subretinal blebs demarking the retinal detachment. All procedures were made under direct observation aided by an operating microscope at 2.5 ϫ 10 magnification. Surgical complications included iris-cornea adhesion, iris or retinal hemorrhage, and damage to the lens, which caused cataract formation. After the injection procedure, 1% atropine eye drops and 0.3% tobramycin-dexamethasone eye ointment (Alcon Laboratories) were given three times each day for 3 days. We kept for further evaluation only those injected mice that had more than 95% retinal detachment after subretinal injection and with minimal complications. The untreated contralateral rd12 eyes and the age-matched normal C57BL/6J eyes were used as the control. Approximately 250 mice were used.
Electroretinograms
Two months after the vector injection, ERGs of both treated and untreated eyes were recorded; and ERGs of age-matched, uninjected C57BL/6J mice were used as the normal control. Full-field ERGs were recorded with a custom-built Ganzfeld dome connected to a computerbased system (Q450SC UV; Roland, Wiesbaden, Germany). White, green (505 Ϯ 6 nm), and UV LEDs (363 Ϯ 6 nm) were used as the stimulation light sources for recording the total cone, photopic flicker, and M-or S-cone (UV-sensitive cone) ERGs, respectively. Maximum light intensity for the different stimulus conditions varied and hence cannot be compared for quantitative analysis (white LEDs, 1.96cd/m 2 ; green LEDs, 0.75 cd/m 2 ; UV LEDs, 3 mWs/m 2 ; and flicker, 2.0 cd/m 2 ). All testing was performed in a climate-controlled, electrically isolated dark room under dim red light illumination. Mice were dark-adapted overnight and anesthetized with ketamine (72 mg/kg) and xylazine (4 mg/kg). Body temperature was maintained by placing the animals on a 37°C warming pad. Corneas were anesthetized with a drop of 0.5% proparacaine hydrochloride, and pupils dilated with 1% atropine and 2.5% phenylephrine hydrochloride. A small amount of 2.5% methylcellulose gel was applied to the eye, and a special Ag/AgCl wire loop electrode was placed over the cornea to record the ERGs. Needle reference and ground electrodes were inserted into the cheek and tail, respectively. Recordings were started after 10 minutes of light adaptation at 30 cd/m 2 (background light). To record photopiccone, M-cone, and S-/UV-cone ERG responses, we amplified the signals 1000-fold, filtered between 1 and 100 Hz, with white background light (30 cd/m 2 ). For flicker-ERGs, a stimulus frequency of 20 Hz was used, and the signals were amplified 1000-fold and filtered between 1 and 300 Hz.
Immunocytochemistry
After ERG examination, both eyes of treated rd12 and normal C57BL/6J mice were enucleated, and retinal whole mounts or radial sections were prepared by using previously described methods with some modifications. 22, 29, 30 Briefly, after enucleation, both eyes were marked on the 12 o'clock point (dorsal) of the limbus with a cauterizing iron and fixed in fresh 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) overnight at 4°C. After fixation, the cornea, lens, and vitreous were removed to generate eye cups. Retina whole mount preparations were generated by first removing the optic nerve bud and then carefully separating the neuroretina from the eye cup. Frozen sections (12 m thick) were prepared from eye cups cryoprotected in 30% sucrose and embedded in OCT. 22 Humans have three different types of cone, L (longwave-or redsensitive), M (medium wave-or green-sensitive), and S (shortwave-or blue-sensitive), whereas there are only two sensitivity maxima in mice, representing M-cones containing a green-sensitive pigment with an absorption maximum near 511 nm, and S-cones with an ultraviolet (UV)-sensitive pigment with peak absorption near 359 nm. 31 Previous study has shown that monoclonal antibodies specific for human M-and S-cone opsins could identify the two cell populations in the mouse. 32 Two methods were used to identify cone photoreceptors. Peanut agglutinin (PNA), which binds the interphotoreceptor matrix sheath surrounding the cone outer segments, was used to identify the overall cone distribution pattern, whereas anti-M-or S-cone opsin antibodies were used to identify specific M-or S-cone distribution patterns. After the specimens were washed with 0.1 M PBS, immunocytochemistry was performed by first incubating the retinas with 10% normal goat serum (NGS) blocking solution for 1 hour, and then staining with rabbit anti-M or anti-S opsin (1:200; Temecula, Chemicon, CA) or FITC-conjugated peanut agglutinin (1:200; Vector Laboratories, Burlingame, CA) overnight at 4°C. After the exposure to primary antibodies, the specimens were washed in 0.1 M PBS, incubated in anti-rabbit IgG conjugated to Cy3 fluorochrome (Beyotime, Huhan, China) overnight at 4°C and excess secondary antibody was removed by washing threetimes (5 minutes each). To mount them for photography, the retinas were flattened with four relaxing cuts. The retina whole mounts and sections were photographed with a fluorescence microscope (Axio Imager Z1; Carl Zeiss Meditec, Oberkochen, Germany) equipped with a 100-W mercury light source and FITC or Cy3 filters. Cells labeled for PNA-lectin or cone opsins were photographed and manually counted in retina whole mounts in the area around the optic nerve and at a distance of 1000 m from the optic nerve in the dorsal/temporal, ventral/temporal, ventral/nasal, and dorsal/nasal quadrants of the retina, each within one field at 40ϫ magnification (38,420 m 2 ).
Statistical Analysis
Five mice per group were analyzed for statistical purposes; comparing both the number of PNA-and cone opsin-positive cells, as well as the b-wave amplitudes and time to peak of photopic cone ERGs. MannWhitney U test, and Dunnett multiple comparison test were used. Data are presented as the mean Ϯ SD. P Ͻ 0.05 was considered statistically significant.
RESULTS
Time Course of Cone Degeneration in the rd12 Retina
Early and rapid cone degeneration, particular in the ventral retina, has been reported in the genetically engineered Rpe65 Ϫ/Ϫ mouse. 10, 16, 33 Similar observations have been found in the rd12 mouse retina, 20 although a careful temporal analysis is has not been conducted. To determine the process and pattern of the overall cone degeneration in rd12 mice, we analyzed retinal wholemounts of rd12 and C57BL/6J mice, between P14 and P90, stained with the cone-specific marker, PNA-lectin, which binds to the interphotoreceptor matrix sheath surrounding the cone outer segments. 34 Please note that PNA-lectin and M-or S-cone opsin positive cone cell counts obtained in the five fields across the retina-DT (dorsal temporal), VT (ventral temporal), C (central), VN (ventral nasal) and DN (dorsal nasal)-did not vary in the C57BL/6J retina between P74 and P150 (data not shown); hence we present and use only the P90 data as the normal adult control. At P14, the cone distribution pattern in the rd12 retina appeared similar to that of the C57BL/6J retina when viewed at lower magnification, although the total cone number was slightly decreased in the rd12 retina (average number, 482 Ϯ 26 cells/field), when compared with age-matched C57BL/6J mice (503 Ϯ 13 cells/field, P Ͻ 0.05, Fig. 1 ; Table 1 ). By P21, the number of PNA-positive cones in the rd12 retina was decreased dramatically (280 Ϯ 24), especially in the C and VN quadrants of the retina ( Fig. 1 ; Table 1 ). By P35, further losses of cones in the C and VN quadrants of the retina were documented (Table 1 ). Similar to the Rpe65 Ϫ/Ϫ mouse, 21 cone degeneration in the DT quadrant was relatively mild in rd12 mice (Table 1) . By 3 months-of-age, while all cones in the C and VN areas had degenerated, some PNA-positive cones remained in the DT quadrant of the retina ( Fig. 1 ; Table 1 ). Some PNA-positive cones remained in the DT quadrant of the rd12 retina for up to 16 months (data not shown).
Cone Morphology Was Rescued by Gene Replacement Therapy
Previous experiments with 11-cis retinal injections in Rpe65 Ϫ/Ϫ mice have suggested that morphology and function of true cones or cone-like cells on the Nrl Ϫ/Ϫ background can be preserved when injections are started early and applied frequently, 35, 36 but not if injections were initiated late or applied infrequently. 37 In the present study, we investigated two treatment strategies: initiation at P14, before the major cone degeneration, and at P90, a time point when only some dorsal and temporal cones remain. FIGURE 1. Cone degeneration pattern in rd12 retinal wholemounts (PNA-lectin staining). Cone distribution was almost normal in the P14 rd12 retina when compared to the wild type control. From P14 to P90, the density of PNA-positive cones decreased dramatically in the central, ventral and nasal quadrants of the rd12 retina. R, right eye; L, left eye; WT, wild type C57BL/6J mouse; P, postnatal day; D, dorsal; V, ventral; T, temporal; N, nasal.
Rescue Effect after P14 Treatment
It was of interest to determine what percentage of cones could be rescued if gene therapy was initiated at P14, a time point when little cone cell death has occurred in the rd12 retina, although there are structural abnormalities in the mutant cones (described later).
Two months after P14 injections, retinal wholemounts stained with PNA-lectin revealed a similar distribution pattern for cones in the rd12 and the normal C57BL/6J retinas (Fig. 2) . Cell counts demonstrated that the treated rd12 retinas contained 76% (379/497) of the wild type levels of PNA-positive cones ( Fig. 2; Table 1 ), while only a few cones remained in the dorsal and temporal quadrants of the contralateral untreated eyes (Fig. 2) .
To examine whether the preservation of PNA-positive cells is cone opsin-specific, retina wholemounts were stained with cone opsin-specific antibodies. Similar to previous findings, 38 we found that M-cones were distributed throughout the retinal whole mount (Fig. 2, second row) , whereas S-cone opsinpositive cones were distributed in a dorsoventral gradient, with the highest number of cells in the nasal and ventral quadrants and fewer cells in the dorsal temporal quadrant (Fig.  2, fifth row) . In treated rd12 eyes (Fig. 2) , the average number of M-cone opsin-positive cones counted in the five fields across the retina was 76% (Table 2 ) of that present in the wild type control; the number of S-cone opsin-positive cones was 68% (Table 3 ) of the normal number ( Fig. 2; Tables 2, 3 ). These counts were similar to those obtained with PNA-lectin staining, suggesting that both types of cones are equally amenable to protection by early treatment.
The high-magnification images of the retina whole mounts from the dorsal temporal quadrant, double-stained with PNAlectin and M- (Fig. 2, third row) or S-cone ( Fig. 2 ; sixth row) opsin, confirmed our findings using PNA-lectin. Cones in the treated rd12 retina had a similar distribution pattern when compared with that of the wild-type C57BL/6J retina. It was also confirmed that the remaining PNA-positive cones in the dorsal and temporal quadrants of the untreated rd12 eyes were M-but not S-cones (Fig. 2, second and fifth rows) , and those remaining M-cone opsin-positive cones showed abnormal morphology, especially a reduction in outer-segment length (Fig. 2) .
In previous publications, it has been shown that 11-cis retinal is necessary for the maturation-dependent restriction of cone opsins to the cone outer segments. 10, [35] [36] [37] 39 Cones in cross sections derived from dorsal and temporal quadrants of the treated rd12 eyes showed normal M-cone opsin localization in the cone outer segments (Fig. 2, fourth row) . In the same area of the untreated eyes, whereas a small percentage of the M-cone opsin could still be observed in cone outer segments, most of the opsin was mislocalized to the inner segments, cone nuclei, axons, and cone pedicles in the outer plexiform layer (Fig. 2) .
Rescue Effect after P90 Treatment
At the onset of P90 treatment, the overall PNA-lectin-positive cone number was reduced to 16% of wild-type levels (82/503); these remaining cones were M-cones (13/82) or cones without any discernible cone opsins present in the outer segment. M-cones were present in particular in the DT quadrant of the retina (48/399).
Two months after P90 injections, 83% (68/82) of the PNApositive cones were maintained in treated rd12 eyes, although this represents only 14% (68/497) of the normal cone count. Only 45% (226/506) of the normal cones in the DT quadrant were maintained (Fig. 3, Table 1 ). The cones in the contralateral, untreated retinas (Fig. 2, first row) were almost absent, with the exception of some in the most dorsal and temporal quadrants. between P21 and P28 in the central area.
Comparing rd12 between P21 and P28 in VN field. ¶ Comparing rd12
and WT at P14.
In P90 treated rd12 eyes (Fig. 2) , a total of 10% of M-cones (41/396, Table 2 ), but no S-cones were identified (Fig. 3, Tables 2, 3 ). M-cones from the DT and DN quadrants benefited the most from the treatment. Although approximately threefold (123/48) more M-cones were present in the DT ( Table 2 ) compared with that at the P90 level, only one-third of the M-cones in the DT quadrant retina remained (123/308; Table 2 ), compared with that in the P14 treated rd12 retina. However, on the flip side, the number of M-cone opsinpositive cells increased by 215% ([41-13]/13) after the P90 treatment (Table 2 ).
In untreated rd12 retinas, scattered PNA-lectin-positive cones were still observed in the dorsal and temporal quadrants (Fig. 3) . Although M-cone opsin-positive cell counts were sharply reduced and exhibited short outer segments, all Scones had disappeared. Compared with C57BL/6J, untreated rd12 retinas had only 1.5% (6/396) of total M-cones or 7% (28/399) of M-cones remaining in the DT quadrant ( Fig. 3 ; Table 2 ).
Finally, as in the cross sections derived from the DT quadrant of treated P14 eyes, normal M-cone opsin localization in FIGURE 2. Cone survival in treated rd12 (PNA and cone-opsin staining) eyes. Two months after P14 treatment, staining for PNA-lectin and M-and S-cone opsins revealed similar distribution patterns in treated rd12 retinas when compared with those from C57BL/6J eyes. In P90 treated rd12 eyes, the PNA-lectin and M-cone opsin-positive cones located in the dorsal and temporal quadrants of the retinas, although decreased in number, still showed a distribution pattern similar to that in the normal C57BL/6J eyes; no S-cone opsin-positive cells were identified. In the contralateral P90ϩ2M uninjected left eyes, some PNA and a few abnormal M-cone opsin-positive cells were still present in the limited regions of dorsal and temporal retinal quadrants. In radial sections prepared from the P90ϩ2M uninjected eye cup, most of the M-cone opsin staining was observed in cone inner segments, cell bodies, and cone pedicles (outer plexiform layer). Green: cone specific PNA staining; red: M-or S-cone opsin staining; blue: DAPI (4Ј,6-diamidino-2-phenylindole) stained nuclei. R, right eye; L, left eye; P, postnatal day; Inj., injected; Uninj., uninjected; M, months. the cone outer segments was observed in the rd12 retinas treated at P90 (Fig. 2, fourth row) .
Cone Function Was Rescued by Gene Replacement Therapy
To confirm that preservation of structure correlated with improvement of function, different strategies were used to record cone ERGs, including the photopic ERGs that do not distinguish between the activities of the two cone types, M-and S-cone-specific, single-flash ERGs and 20-Hz flicker ERGs.
Rescue Effect after P14 Treatment
Two months after P14 treatment (Fig. 3) , the a-wave amplitudes of the photopic (full cone) ERGs were negligible in untreated (0.62 Ϯ 0.86 V; mean Ϯ SD) eyes, but were significantly improved in treated rd12 eyes (9.12 Ϯ 1.23 V) to levels approximately two thirds of that in normal age-matched uninjected C57BL/6J control mice (14.30 Ϯ 2.68 V). The b-wave amplitudes were 96.7 Ϯ 6.3 V in treated and 23.88 Ϯ 10.84 V in untreated rd12 eyes. This increase in function corresponded to a restoration of approximately 80% of the cone function present in uninjected C57BL/6J eyes (120.7 Ϯ 7.8 V). Furthermore, b-wave kinetics, as determined by bwave peak times or the implicit time of the photopic ERGs, were prolonged to 77.8 Ϯ 10.6 ms in untreated eyes, but had similar delays in treated rd12 (38.4 Ϯ 5.3 ms) and C57BL/6J eyes (43.4 Ϯ 4.0 ms).
Because of the lower light intensity of the green and UV LEDs, only b-wave amplitudes and kinetics could be analyzed for the cone-specific ERGs. Similar to the full cone ERG, the b-wave amplitudes of the M-cone ERG were almost absent in untreated rd12 eyes (6.13 Ϯ 1.62 V), but were significantly increased in the treated rd12 eyes (51.92 Ϯ 8.23 V). Again, this corresponded to a restoration of almost 80% of normal M-cone function (66.74 Ϯ 5.71 V). The b-wave peak time of the M-cone ERG was 74.2 Ϯ 7.3 ms in untreated rd12, but accelerated to normal levels in treated rd12 eyes (38.4 Ϯ 5.1 ms; 42.2 Ϯ 3.7 ms in C57BL/6J; P Ͼ 0.05). No UV-cone ERGs could be recorded in untreated rd12 mice, while approximately 80% of the UV/S cone function was rescued after P14 treatment (76.75 Ϯ 6.12 V in treated rd12 compared with 95.13 Ϯ 11.55 V in C57BL/6J eyes).
As a final measure of cone function, we assessed ERG amplitudes in response to 20-Hz flicker. Those amplitudes were 7.9 Ϯ 4.2 V in untreated rd12, 65.5 Ϯ 7.6 V in treated rd12, and 74.0 Ϯ 7.1 V in C57BL/6J eyes. With this measure, 89% of wild-type cone function was documented in treated rd12 eyes, which was statistically indistinguishable from that of C57BL/6J mice, but significantly different from noninjected rd12 eyes (P Ͻ 0.05).
Rescue Effect after P90 Treatment
The a-wave amplitude of the photopic ERG had declined to 0.23 Ϯ 0.64 V in the untreated rd12 eyes, but significantly improved to 3.26 Ϯ 1.44 V in P90-treated rd12 eyes; it was 11.91 Ϯ 1.87 V in age-matched C57BL/6J eyes (Fig. 3) . Likewise, b-wave amplitudes declined to 19.48 Ϯ 11.13 V in untreated rd12 eyes, whereas treatment led to improved bwave amplitudes in treated rd12 eyes (30.71 Ϯ 3.28 V), which represented 26% of normal cone amplitudes (112.35 Ϯ 6.24 V in C57BL/6J eyes). Despite only a partial recovery of amplitude, b-wave kinetics completely recovered in treated rd12 eyes (48.64 Ϯ 4.45 ms) when compared to age-matched C57BL/6J mice (48.00 Ϯ 5.43 ms), whereas untreated rd12 eyes exhibited peak times almost doubled in length (86.63 Ϯ 21.61 ms, P Ͻ 0.05).
As with full cone ERGs, the b-wave amplitudes of M-cone ERGs were almost negligible (5.50 Ϯ 3.05 V) in untreated rd12 eyes, whereas P90 treatment restored approximately 20% of M-cone function in rd12 eyes (12.35 Ϯ 2.19 V), when compared with that in C57BL/6J eyes (62.78 Ϯ 6.93 V). Likewise, the b-wave peak-times of M-cone ERGs were completely normal in treated rd12 eyes (47.9 Ϯ 1.6 ms), when compared to those in C57BL/6J control mice (48.5 Ϯ 3.6 ms); whereas kinetics were significantly delayed in untreated rd12 eyes (85.9 Ϯ 8.6 ms, P Ͻ 0.05). As b-wave amplitudes of the S/UV-cone ERGs were not detectable in P74 (P14 ϩ 2 months) untreated rd12 mice, it was not surprising that P90 treatment did not recover any S/UV-cone function. Finally, improvement of cone function with P90 treatment could also be documented by responses to 20-Hz flicker ERGs, which was 4.7 Ϯ 2.8 V in untreated rd12, 13.5 Ϯ 9.8 V in P90-treated rd12, and 63.7 Ϯ 5.7 V in C57BL/6J eyes. This technique revealed a restoration of 21% of cone function.
DISCUSSION
The main results of the present study are (1) rd12 cones develop in almost normal numbers and degenerate rapidly in the ventral and central quadrants of the retina at around 2 weeks of age; (2) during degeneration, staining for cone opsin is lost before the loss of the PNA-lectin-positive cone sheath; (3) RPE65 gene replacement therapy using AAV viral vectors and starting before extensive cone degeneration at P14 resulted in almost wild-type levels of cone function and structure; (4) gene replacement therapy at P90 when central and ventral cones had disappeared rescued a significant number of the remaining M-cones in the dorsal and temporal quadrants of the retina, and the delayed ERG kinetics and mislocalized M-cone opsins were both corrected; and (5) more M-cone opsin-positive cells were identified 2 months after P90 treatment, suggesting that cone opsin expression is reinitiated in cells with PNA-lectin-positive cone sheaths. These results have important implications for the current LCA2 clinical trials, especially for older patients.
With PNA-lectin staining, our data demonstrated that the rd12 retina had almost a normal number of cones by eye opening (P14). Similar to Rpe65 Ϫ/Ϫ mice, 16, 21 cone degeneration progresses very quickly between P14 and P21, spreading from the central to the ventral and nasal quadrants in the rd12 retina (Fig. 1) . By P90, only some M-cones in the dorsal and temporal quadrants remained. Of note, similar patterns of cone survival have also been seen in other mouse models of retinal degeneration, such as the rd1 mouse 40 and mouse models of color blindness with cone photoreceptor function loss (Pang JJ, unpublished results, 2008) .
In the absence of RPE65 in the rd12 retina, no 11-cis retinal is generated, and hence only unliganded cone opsins are present in the untreated rd12 retina. It has been shown that in different models of chromophore deprivation (Rpe65 Ϫ/Ϫ or Lrat Ϫ/Ϫ mice), the unliganded cone opsins could not be transported to the cone outer segment, but rather mislocalized to the inner segments, cell body, axon and pedicle of cones, indirectly causing shortening of the cone outer segments. 10, [35] [36] [37] 39 Although both rod and cone photoreceptors depend on the RPE65 isomerase for function in LCA2 or its mouse models, 7,9,41 cone structure and hence survival appears to be more susceptible to chromophore deprivation. Continuous activation of the phototransduction cascade by the opsin apoprotein (unliganded opsin) is a cause of rod degeneration in another mouse model of Leber congenital amaurosis 42 ; however, it is unclear whether cone cell death in the rd12 mice is caused by the same mechanism.
Although it has been observed in different chromophoredeficient models, 16, 21, 35, 39 it is not clear why the central, ventral, and nasal quadrants exhibit faster cone degeneration than the dorsal and temporal quadrants of the retina. It is of interest to note that the ventral, nasal, and central quadrants harbor UV-cone opsin-sensitive cones, whereas the surviving cones are pure M-cones. Although there is evidence of an additional retinoid cycle in Müller cells in several different species, including the mouse, 43 it is unclear how such an alternative pathway might support cone survival in the dorsal and temporal retina. 40 In patients with RPE65 mutations, cone photoreceptors are lost in a wide area of the central retina during the first decade of life and, as in the mouse model, the defects are greater in the inferior than in the superior region. On the other FIGURE 3. Cone-related ERG responses in rd12 mice after gene therapy. After P14 treatment, the full cone, M-cone, UV-cone, and 20-Hz flicker-ERGs in treated rd12 eyes were similar in amplitude and kinetics to those elicited from age-matched C57BL/6J eyes. This result is in comparison to the severely reduced amplitudes and delayed kinetics of the ERGs recorded from the contralateral, uninjected eyes. After P90 treatment, responses to full cone, M-cone, and 20-Hz flicker ERGs were restored with intermediate amplitudes, but normal b-wave peak times; however, no UV-cone responses were detected in P90 treated eyes. In uninjected rd12 eyes, although weak responses to the full cone stimuli were detected, the peak time of their b-waves was significantly prolonged. The stimulus intensity for the full-cone, M-cone, UV-cone, and 20-Hz flicker-ERGs were 1.96 cd/m 2 , 0.75 cd/m 2 , 3 mWs/m 2 , and 2.0 cd/m 2 , respectively. WT, wild-type C57BL/6J mouse; P, Postnatal day; Inj., injected; Uninj., uninjected; M, months; *P Ͻ 0.05; NS, nonsignificant.
hand, the patients' macular cone photoreceptors can survive for decades, although some age-related cone degeneration has been reported. 41, 44 Of interest, the remaining cones in the dorsal and temporal parts of old rd12 mice and the cones in the human macular area share similarities; that is, they are Mand M/L-cones in mouse and human, respectively, and they appear to occupy the most important part of the retina, the dorsal part, which is required for foraging in the mouse, and the macula, which offers high visual acuity in the human. Since only the most important area of cones remained both in older rd12 mice and in LCA2 patients, this phenomenon might also be a result of evolution.
In animal models of RPE65 deficiency, rods undergo a slow progressive degeneration, 9, 45, 46 which is why restoration of rod vision appears to be possible over a broad range of ages. 13, 17, 18, 22, 47 Cones, on the other hand, degenerate more quickly and at an earlier age. 21 Previous reports have shown that cone rescue is possible if gene delivery is provided no later than P14 to Rpe65 Ϫ/Ϫ and rd12 mice. 16, 17, 33, 48 Our current data confirmed and extended those findings. However, P14-treated rd12 eyes stained with M-or S-cone opsin (Fig. 2) revealed that only 76% and 68% of the expected cone population could be recovered, suggesting that degeneration may have been triggered before P14 in rd12 mice, especially in the S-cones, although subretinal injection-related damage also contributes to these incomplete rescues. 17, 26 The preservation or rescue of these remaining M-cones deserves further analysis. First, in our initial study (Pang JJ, unpublished results, 2006), we did not find cone rescue after P90 treatment in rd12 mice due to the technical difficulties associated with mouse subretinal injections and a poor understanding of the cone degeneration pattern in rd12 mice. In our present study, we selected only those treated rd12 mice that have almost 100% retinal detachment after subretinal injection, hence almost 100% of the RPE was transfected with the RPE65-carrying virus. Therefore, we rescued most of the remaining M-cones both morphologically and functionally after P90 treatment. Complete coverage was achieved by improving our transcornea subretinal injection technique, which allowed us to achieve 100% retinal detachment with minimal injectionrelated damage. 17, 22, 26 As the earliest age for successful transcorneal subretinal injection in mouse is the time of eye opening (P14), 26 earlier treatments were not attempted. Second, 2 months after P90 treatment, 83% of PNA-lectinpositive cones in the DT quadrant were preserved; whereas the average number of M-cone opsin-positive cones increased by 215%. In other words, M-cone opsin-positive cones made up only 16% of the PNA-lectin-positive population (13/82) at P90, but this fraction increased to 50% (41/82) after gene therapy. Since these cell counts were made in flat mounts visualized with a regular fluorescence microscope, in which mainly outer segments could be analyzed and not the entire cell, we cannot distinguish between the "ghosts" devoid of any cone opsin and the "ghosts" that still express cone opsin, but traffic it to the cell body, axon, and pedicle, rather than the inner and outer segment. Nevertheless, the dramatic increase in M-cone opsin in cone outer segments, a prerequisite for the assembly of normal cone function, 10, 36, 39 is a proof of concept that outer segments can be rebuilt in the mouse. We thus, for the first time, provided evidence that the remaining abnormal M-cones in older rd12 mice can be restored to normal physiological conditions after late treatments at P90.
One of the most prominent features of LCA is the diminished ERG at an early age. 2 Specific ERG techniques are valuable in evaluating the function of retinal cone cells. In this study, full cone, M-or S-cone, and flicker-ERGs were used to assess cone function in both treated and untreated rd12 eyes. Our results showed that no S-cone, but only M-cone ERG responses could be detected in untreated 5-month-old rd12 mice, similar to the responses observed in LCA2 patients 41 ( Fig. 3) . These remaining ERG responses had significantly delayed kinetics, suggesting impaired synaptic transmission. 49 Whether the mislocalized cone opsin contributes to this synaptic delay needs further investigation. However, that eliminating the mislocalization of the M-cone opsin in P90-treated rd12 retinas (Fig. 2) restored photopic cone and M-cone ERG responses with normal b-wave kinetics clearly indicates that no permanent damage was inflicted on the cone pedicles by the mislocalized cone opsin at this age.
Thus, we conclude that human AAV-mediated, early P14 gene therapy could rescue both function and morphology of M-and UV-cones in rd12 mice. Function of the remaining M-cones could also be rescued after late P90 treatment. Our results and the recent clinical trial 24 suggest that there may be a longer window for intervention in human LCA2 patients.
